We live in an age of increased awareness of climate change and its potential effects on our ecosystems. Here we look at the effect of one aspect of climate, directional wind components, on the survival of Little Penguins Eudyptula minor on Phillip Island in southeastern Australia, using mark-recapture data gathered over a 42 year period since 1968. We apply biologically realistic age structures for the survival and recapture probabilities, and use mean seasonal wind magnitudes from the four cardinal compass directions as covariates in our modelling of the survival probability. Results indicate that first year survival is most affected by southerly winds in the winter prior to the chick's birth, which increase survival, and by easterly winds in the summer of hatching/fledging, which decrease survival. Adult survival is most affected by increasing northerly winds in the autumn following moult
Introduction
Climate affects seabirds throughout the world both physiologically and behaviourally, and indirectly through their food chains and competitors [1, 2, 5] . Within the Australian region, responses by seabirds to observed climatic changes vary by location and species [5] . Wind can influence the lives of seabirds in many ways. Strong winds and severe storms are known to affect seabird breeding participation, timing and success of breeding and mortality [17, 13] . Wind related mixing of the water column is associated with foraging efficiency [23] and wind driven water movement is linked to marine productivity in Bass Strait [20] . Mickelson et al. [20] discussed the effect of sea temperature and wind in Bass Strait on the breeding success of Little Penguins Eudyptula minor on Phillip Island. They used as covariates sea temperatures at two locations-one near the penguin colony, and a second at the eastern end of Bass Strait where the East Australian Current intrudes into Bass Strait-as well as the sea temperature gradient between the two sites. They found that the arrival of cooler waters brought in by west winds decreased the sea temperature gradient, and that this was associated with increased weights of adult penguins four months later. They hypothesised that the cooler waters were associated with higher marine productivity, and hence an increased supply of the fish on which the penguins feed. Ropert-Coudert et al. [23] , in a study of 20 Little Penguins over two years, found that foraging efficiency was higher in the year when waters were thermally well stratified and lower when waters were more mixed (due to a series of storms, with four days of winds greater than 50 km h −1 ). This led them to suggest that an increased degree of vertical mixing may lead to a lesser concentration of fish, resulting in lower foraging success.
Every evening at dusk, up to 1500 Little Penguins come ashore on Summerland Beach on Phillip Island, Victoria, in southeastern Australia (38
• 30 S, 145
• 10 E, see Figure 1 ), in front of up to three and a half thousand people. This iconic 'Penguin Parade' generates tens of millions of dollars annually in tourism revenue for the region. The breeding season of the Little Penguin lasts from July to March, with egg laying generally taking place from August to December. During incubation, which lasts around 35 days, and for the first two weeks of a chick's life, parents take turns on guard duty [22] . After fledging at around eight to ten weeks of age, chicks go to sea, returning to breed at two or three years of age. From then on, most breed every year [11] . Fledging is a hazardous event in the life of a penguin chick, and most do not survive their first year of life [27] . For an adult, the two major events each year are its breeding activities and its moult. The moult takes place over two to three weeks between February and April and the penguin must stay on land and fast while waiting for new feathers to grow. The periods after moult and in late winter/early spring are when adult mortality is highest [12] . We take these events into consideration in modelling survival. The penguin colony on Phillip Island has very high conservation, cultural, scientific and economic significance. The 42 year duration of this study makes it one of the longer running studies of a seabird in Australia and allows rare opportunities to investigate the relationships between the ecology of a seabird and climate over a relatively long period. The importance of this colony means that it is managed carefully in order to protect it from anthropogenic threats [10] , and researchers at the Phillip Island Nature Parks are investigating the likely impacts of climate variability and change on the penguins. As part of this, here we investigate the effect of the mean seasonal C1016 directional wind components, in each of the four cardinal compass directions, on the annual survival probabilities of first-year and adult penguins. The techniques employed here for Little Penguins can be used to analyse markrecapture data for any wildlife species and to determine the potential effect of any climatic variables on the species.
Data and methods
Our mark-recapture data consist of life history records for 54 484 penguins (including birds marked as chicks and as adults of unknown age) collected over a 42 year period, during visits to penguin burrows on Phillip Island. Such a long term data set is extremely rare for any species. 'Mark' refers to the first time a bird is encountered when it is marked with an identifying tag (a metal flipper band or an electronic transponder). A subsequent live encounter is termed 'recapture'.
Wind data are from Laverton raaf Base (37
• 52 S, 144
• 46 E), about 100 km from the study area. The data comprise twice daily (9 am and 3 pm) readings of wind magnitude (ms −1 ) and direction ( • true bearing). The Laverton site is used both for consistency with previous studies [20] and because adult penguins in particular spend a considerable amount of time at Port Phillip Bay in winter and early spring [19] . Wind data from Phillip Island are available only since 1981, and are of relatively poor quality, so cannot be used.
We consider the effect of the wind component from each of the four compass directions on penguin survival, by using as covariates the seasonal means of the maximum daily wind component from each direction. Wind components are non-negative: for example an easterly component is positive if the wind direction is between 0 and 180
• , and zero for a direction between 180
• and 360
• . In the period 1967 to 2008 there were 30 682 wind readings, only 40 (0.13%) of which were missing. Missing values were ignored when calculating daily maxima and seasonal means.
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The parameters used are the annual survival probabilities and the recapture probabilities, defined as follows. Let φ i,j be the probability that a bird survives the jth calendar year, given it was alive at the start of the year, where i = 1 in the first year of life and i = 2 for each subsequent year of life. Also let p i,j be the probability that a bird is recaptured in the (j + 1)th breeding season, given it was alive then, where i = 1 in the first year of life, i = 2 in the second year, and i = 3 in each subsequent year. We assume an 'age + time' structure for the recapture probability:
where logit(x) = log[x/(1 − x)] is the logistic transform. Here α 1 , α 2 and α 3 are constants specific to the age groups, whereas the β j are time dependent parameters. This implies that time variation of the recapture probability is the same for each age group. This model is a realistic reflection of the Little Penguin lifestyle. Separate annual survival probabilities are used for the first and subsequent years of life as first-year birds are particularly at risk due to inexperience and internal parasitic loads [10, 12, 14] . Furthermore, since young birds go to sea and return to Phillip Island to breed at two or three years of age, separate recapture probabilities are used for the first, second, and subsequent years of life [11, 22, 26] .
The likelihood, which is the probability of the observed data occurring under the model, is derived as follows. With a slight abuse of notation, we redefine the parameters for this paragraph only, so that the subscript i in φ i,j and p i,j refers to the ith bird. The observed mark-recapture history of this bird is shown as an indicator vector h i , of length equal to the length of the study (here 42 years), with an entry 1 indicating that the bird was seen and a 0 that it was not seen. For example,
means that bird i was initially captured in year 4, and was seen again in years 6 and 8, then never seen again. Let c i and k i denote the years of first and last capture, respectively, and let χ r denote the probability of never being seen again after year r. Clearly χ 42 = 1 , and the remaining values of χ can be found by working backwards through the recurrence relation
We write the probability of the history h i , conditional on the initial capture at c i , as
and this is the likelihood for bird i. Assuming that birds behave independently, the likelihood for the whole data set is the product L = i L i over all birds. This is known as the Cormack-Jolly-Seber model [7, 16, 25] .
The likelihood is then maximised (or, equivalently, the negative of the loglikelihood is minimised) using the Matlab fmincon function. Computation of this likelihood is slow when there are a lot of animals in the data. If all parameters depend only on age and time, as in the present case, or only on cohort and time, then it is more efficient to use a simple modification of this formula, in which birds are first collected together by cohort [4, 28] .
Model selection is via the Akaike information criterion (aic) [3] . At the sth stage of modelling, we fit
where the V r are the wind covariates. When modelling first year survival φ 1,j , we allow adult survival φ 2,j to be fully time varying, and vice versa. The fit of a model with log-likelihood is measured by the proportion of the total (time) deviance explained, ( − 0 )/( full − 0 ), where 0 is the log-likelihood of the null model, with constant survival, and full is that of the full model, with fully time varying survival [18, p. 33 ].
There may be a lag of several months in the effect of wind on survival [8, 20] . To account for lags, the annual survival probability over calendar year j is made dependent on wind covariates chosen from an 18 month period, from winter in the previous year (that is, 1 Jun-31 Aug in calendar year j − 1) denoted 'WiP', to spring in the current year, denoted 'SpC'.
3 Results and discussion
First year survival
The best fitting first stage model is that of the southerly wind component in the previous winter (S WiP, Table 1 ), with the positive regression coefficient (with standard error) b 1 = 0.295 (0.038) indicating that a higher average southerly wind in the winter prior to breeding is associated with higher first year survival in the following calendar year. This lag of several months in the effect of wind on survival is similar to previously noted lags in the effect of sea surface temperature on the timing of breeding [8] and of the temperature gradient on adult mass and timing of breeding [20] . The effect may be indirectfor example, good feeding conditions in the winter preceding breeding allow adults to progress through the breeding season in better condition, possibly breed earlier [21] and confer the advantage to their chicks through greater meal masses, higher fledging weights and consequently higher first year survival [9] . Conversely it may be direct-for example, a better food supply for chicks postfledging because of processes commencing in winter several months earlier.
Stronger southerly winds during winter increase the amount of sub-Antarctic surface water entering Bass Strait [24] . Southerly and westerly winds are suggested as mechanisms for moving nutrient rich water into Bass Strait and closer to Phillip Island [20] . It is likely that this nutrient rich water promotes areas of higher primary and secondary productivity which attract fish. The closer these areas are to Phillip Island, the more food is likely to be available to penguins which have a relatively limited daily foraging range when raising chicks [6, 15] .
At the second stage, allowing for S WiP, the best fitting covariate is easterly Table 1 : aic values for various models for the first year survival probabilities. In each case the adult survival is fully time varying, whereas the first year survival depends on covariates as shown. 'N WiP' denotes 'mean wind magnitude from the north in winter of the previous year', while 'E AuC' is 'mean wind magnitude from the east in autumn of the current year', etc. At the first stage only a single covariate is used. The second stage uses the best model (shown in bold) from the first stage, plus each of the other covariates, and so on.
Covariate Stage 1st 2nd 3rd 4thwind in the current summer (E SuC, Table 1 ). The regression coefficient of S WiP is only slightly changed, at b 1 = 0.376 (0.041), and that of E SuC, b 2 = −0.567 (0.076), means that a higher average easterly wind in the summer of fledging is associated with lower first year survival. Easterly winds in Bass Strait are expected to have a negative effect on survival as they are likely to impede the movement of the nutrient rich water and associated fish towards Phillip Island. This is more important when chicks are fledging and dependent on food being available relatively close to the colony.
At the third stage, the next best covariate is easterly wind in the current spring (E SpC, Table 1 ). The regression coefficient of S WiP is b 1 = 0.365 (0.040), again almost unchanged, of E SuC is b 2 = −1.004 (0.097), and of E SpC is b 3 = 0.522 (0.070), with this last value indicating that higher easterly wind in the current spring is associated with increased survival. It is surprising that easterly winds in spring have a positive influence on first year survival in that calendar year, given that the same winds have a negative effect some months earlier (see above). This apparent contradiction may reflect our lack of knowledge of the potential mechanisms linking climatic variables with the production and distribution of fish in Bass Strait. However, there is a substantial correlation (coefficient = 0.36) between E SuC and E SpC, which has caused a large change in b 2 from the second stage. At the second stage, E SpC is not a worthwhile explanatory variable (Table 1 ). It appears likely that the appearance of E SpC at the third stage is a spurious consequence of this correlation.
Finally, at the fourth stage, the next best covariate is northerly wind in the current autumn (N AuC, Table 1 ). The first three regression coefficients are almost unchanged from the third stage, and that of N AuC is b 4 = 0.205 (0.039). This positive effect on survival is also surprising as we expect northerly winds to have a negative effect on first year survival for the reasons given above.
The inclusion of each of these four covariates is well justified in terms of aic, with substantial reductions at each stage of the modelling (Table 1 ). In fact, S WiP accounts for 12.0% of the deviance (time variation) at the first stage.
At the second stage E SpC accounts for a further 11.0%, and E SpC and N AuC account for a further 10.8% and 5.6% respectively. The four covariates jointly account for 39.4% of the deviance. These values are calculated from Table 1 and from the aic values of 482.92 for the null model, where φ 1 is constant, and 60.72 for the full model, where φ 1 is fully time varying. The correlations between the four covariates, apart from that between E SuC and E SpC, are low, with absolute values of 0.15 or less.
Adult survival
The best first stage model is that of the northerly wind in the current autumn (N AuC, Table 2 ), with the positive regression coefficient b 1 = 0.313 (0.026) indicating that stronger northerly winds in the autumn following moult are associated with increased adult survival in that calendar year. Autumn is a time of high adult mortality [12] and it is not readily apparent how northerly winds at this time could improve annual adult survival. These winds are expected to push nutrient laden water and accompanying fish further off-shore, thereby making it potentially harder, rather than easier, for penguins to access food. Our current understanding of the mechanisms connecting wind and productivity in Bass Strait is inadequate to provide a biological explanation for this correlation.
At the second stage, the best fitting covariate is easterly wind in the current summer (E SuC, Table 2 ). The regression coefficient of N AuC is similar, at b 1 = 0.394 (0.028), and that of E SuC, b 2 = −0.487 (0.041), meaning higher easterly winds in summer are associated with lower adult survival. Notably, easterly winds in summer have the same effect on first year survival. Mickelson et al. [20] found that a decreased sea temperature gradient resulted in higher penguin weights and earlier breeding. They hypothesised that increased westerly winds in winter were responsible for the decreasing gradient and that these winds pushed nutrient rich water and associated fish further into Bass Strait and closer to Phillip Island. The same chain of events might explain the association noted here, whereby increased easterly winds push nutrient rich waters away from Phillip Island, lowering fish availability and decreasing adult survival as a consequence.
At the third stage, the next best covariate is westerly wind in the current winter (W WiC, Table 2 ). The regression coefficients of N AuC and E WiP are similar to stage 2, and that of W WiC is b 3 = 0.161 (0.019), with this last value indicating that higher westerly wind in the winter following moult is associated with increased survival during that calendar year. This supports the above hypothesis that westerly winds move nutrient rich waters into Bass Strait and closer to Phillip Island, thus providing more accessible food resources for penguins [20, 24] .
Finally, at the fourth stage, the next best covariate is westerly wind in the current spring (W SpC, Table 2 The inclusion of each of these four covariates is well justified statistically, with substantial reductions in aic at each stage of the modelling ( 
Conclusion
We analysed a long term mark-recapture data set for Little Penguins on Phillip Island, and used mean seasonal wind components from the four compass directions as covariates for the first-year and adult survival probabilities.
Results showed that first year survival increased with increasing southerly winds in the winter before hatching. Since southerly winds are thought to move nutrient rich water, and associated fish, closer to Phillip Island, they may affect first-year birds indirectly, due to improved conditions for their parents, or via a lagged effect, resulting in a better food supply post-fledging. Higher easterly winds in the summer of fledging were associated with reduced survival of both first-year and adult birds. This suggests that easterly winds, which may impede the flow of nutrient rich water into Bass Strait, make it more difficult for newly fledged birds to forage as well as for adults that may still be feeding chicks or, in late summer, preparing for moult.
Higher westerly winds in the spring were associated with reduced adult survival in that calendar year. Stronger northerly winds in the autumn following the moult period, and westerly wind in the following winter, were both associated with increased survival. The covariates influence adult survival independently, suggesting that there are several mechanisms by which the wind influences these birds. While southerly and westerly winds are thought to move nutrient rich water closer to Phillip Island, easterly and northerly winds would be expected to impede this flow. Our current understanding of the mechanisms connecting wind and productivity in Bass Strait is insufficient to interpret the observed effect of westerly and northerly winds on adult survival.
Future work will examine the effect of the overall wind magnitude on penguin survival, as well as the possible existence of a threshold wind strength, with winds stronger than this threshold having an effect on survival.
